The passivity of sputter-deposited ternary W-Cr-Ni alloys is investigated by immersion tests and electrochemical measurements in 12 M HCl solution at 30 o C, open to air. Particular attention is paid to the effects of alloying elements to the corrosion behavior. All the examined amorphous or/and nanocrystalline W-Cr-Ni alloys are passivated spontaneously even in an aggressive environment of 12 M HCl, and hence these alloys showed higher corrosion resistance than those of alloyconstituting elements. The chromium addition suppresses the anodic dissolution current because of the formation of tetravalent chromium oxyhydroxide having a relatively high activity for both cathodic oxygen and hydrogen reduction with a consequent ennoblement of the open circuit potential. The ennoblement of the open circuit potential leads to the formation of the passive chromium oxyhydroxide film. It is, therefore, considered that the addition of chromium improves synergistically the corrosion resistance and passivating abilities of the sputter-deposited binary W-Ni alloys in 12 M HCl solution.
INTRODUCTION
The chemically homogeneous single-phase nature of amorphous or nanocrystalline alloys is generally responsible for their high corrosion resistance owing to the formation of uniform protective passive films those are able to separate bulk of alloys from aggressive environments. From the corrosion point of view they can be considered as homogeneous alloys. Accordingly, the sputter-deposited alloys consisting of either amorphous or/and nanocrystalline single-phase are chemically homogeneous, and hence are interesting in the view of corrosion resistance.
In recent years, the present author has been reported that the sputter deposition of tungsten with titanium [1] [2] [3] [4] [5] , zirconium 2, 6, 7 , nickel 8, 9 , chromium 2,10-13 , niobium 2,14-16 , tantalum 2, 17 and molybdenum 8, 18 is effective in preparing amorphous or/and nanocrystalline tungsten-base binary alloys with a high corrosion resistance. The high corrosion resistance of these sputter-deposited alloys was based on spontaneous passivation in concentrated hydrochloric acid solutions at 30 o C.
The sputter deposition is one of the main methods of vapor quenching techniques and used as one of the potential methods for the preparation of varieties of amorphous or nanocrystalline alloys 19 . In recent years, this technique is known to form amorphous or nanocrystalline structures over the widest composition range among the various methods. Therefore, the use of sputtering is quite suitable for tailoring of the corrosion-resistant metastable alloys. Furthermore, even if amorphous alloys are not formed by the sputter deposition technique, the alloys thus prepared are always composed of nanocrystals with very fine grains and sometimes behaves similar to the single-phase amorphous alloys. In particular, sputtering is suitable for forming alloys when the boiling point of one of the alloying component is lower than the melting point of the other alloying components, because sputter deposition does not require melting of alloying components for the alloy formation. For instance, boiling points of chromium (2670 o C) and nickel (2900 o C), which are lower than the melting point of tungsten (3420 o C). However, successful attempts have been reported to prepare single-phase amorphous or /and nanocrystalline W-Ni 8,9 and W-Cr 10 alloys by using the advantages of sputtering.
Tungsten and chromium are regarded as very effective alloying elements for enhancing the corrosion resistance of the alloys in aggressive environments. In particular, chromium is one of the most effective alloying elements to provide a high passivating ability for conventional steels. In this context, it has been reported that only small amount of tungsten addition (that is, less than 10 at%) was enough to cause spontaneous passivation of the sputter-deposited nanocrystalline W-Cr alloys even in 12 M HCl and these alloys showed about five orders of magnitude lower corrosion rate than the corrosion rate of chromium metal, and about one order of magnitude lower corrosion rate than that of tungsten 10, 13 . Similarly, it has been reported that the corrosion resistance of the sputter-deposited amorphous or/and nanocrystalline W-Ni alloys were passivated spontaneously and observed significantly high corrosion resistance in aggressive environments 8, 9, [20] [21] [22] . The corrosion rates of the sputter-deposited W-Ni alloys cannot exceed that of tungsten although the addition of tungsten greatly enhances the corrosion resistance of nickel in 12 M HCl. On the other hand, it has been reported that the molybdenum addition to the sputter-deposited Cr-Ni 23 and Al-Cr 24 alloys results in spontaneous passivation in hydrochloric acid solutions and suppresses the dissolution because of the formation of tetravalent molybdenum. Accordingly, it might be expected that corrosion-resistant of tungsten is enhanced by alloying with chromium and nickel.
The present work aims to prepare corrosion-resistant ternary W-Cr-Ni alloys by the sputter-deposition method, and to clarify the effects of chromium and nickel additions on the passivation behavior of these alloys in 12 M HCl solution at 30
o C, open to air.
MATERIALS AND METHODS
Direct current (D. C.) magnetron sputtering was used for the preparation of ternary W-Cr-Ni alloys. The target was composed of a 99.95% pure tungsten disk of 100 mm diameter and 6 mm thickness, on the erosion region of which 99.95% pure chromium disks of 20 mm diameter and 99.95% pure nickel plates having a small square shape and about 2 mm in thickness were symmetrically placed. The composition of the sputter deposits was changed by changing the numbers of chromium and nickel disks on the tungsten disk. Glass plates were used as substrates which were rinsed by immersion in water containing a commercial detergent for the cleaning at about 75 o C. The sputtering apparatus and conditions used were the same as those described elsewhere 2 .
An electron probe microanalysis (EPMA) was used to determine the composition of the sputter deposits. The structure of the sputter-deposited ternary W-Cr-Ni alloys was confirmed by glancing incident X-ray diffractometer (XRD) with CuKα radiation at α-2θ mode. The apparent grain size of the alloys was estimated from the full width at half maximum (FWHM) of the most intense reflection according to Scherrer's relation 25 ; t = 0.9λ/βcosθ, where t is the apparent grain size, λ is the X-ray wavelength (0.15148 nm for CuKα), β is the FWHM in radian and θ is the diffraction angle.
Prior to corrosion tests and electrochemical measurements the surface of the alloy specimens was polished mechanically with silicon carbide paper up to No. 1500 in cyclohexane, rinsed with acetone and dried in air in order to obtain reproducible results by removal of the air formed oxide film on as-sputtered alloys.
Corrosion rates of the sputter-deposited ternary W-Cr-Ni alloys and tungsten metal were estimated from the weight loss after immersion for 168 h in 12 M HCl at 30 o C, open to air. For nickel and chromium metals the corrosion rate was estimated after immersion for 7 h in 12 M HCl solution. Potentiodynamic cathodic and anodic polarization curves were measured in 12 M HCl solution after immersion for 1 h when the open circuit potential became almost steady. A platinum mesh and a saturated calomel electrode (SCE) were used as counter and reference electrodes, respectively. All the potential given in this paper are relative to SCE.
RESULTS AND DISCUSSION
The structure of the sputter-deposited W-Cr-Ni alloys was identified by X-ray diffraction (XRD) techniques. The XRD patterns of the ternary W-Cr-Ni alloys including binary W15Ni alloy are shown in Fig. 1 . Alloy compositions hereafter are all denoted in atomic percentage. The W-63Cr-15Ni and W67Cr-9Ni alloys show halo patterns typical of the amorphous structure. However, the W-42Cr-5Ni, W-75Cr-4Ni and W-15Ni alloys consist of a mixture of amorphous and crystalline structures. In general, the characteristic interatomic spacing of the supersaturated solid solutions of the binary alloys varies almost linearly with concentration of the alloy-constituting elements 2 . From the XRD patterns of the ternary W-Cr-Ni alloy as shown in Fig. 1 , a continuous shift of the most intense reflection of the alloy is observed from 110 reflection of the bcc α-tungsten phase to the 110 reflection of the bcc chromium phase when the chromium content in the alloys increases which is clearly shown in Fig. 2 also. Furthermore, though some of the sputter-deposited ternary W-Cr-Ni alloys show a crystalline structure broadening of the peak is clearly observed with increasing nickel content in the alloy as shown in Fig. 1 . Therefore, the apparent grain size of the alloys was estimated from the full width at half maximum (FWHM) of the most intense reflection using Scherrer's relation 25 . Table 1 shows the estimated apparent grain size and structures for the sputter-deposited ternary W-Cr-Ni alloys including tungsten, chromium and nickel metals. The apparent grain sizes of the W-18Cr-14Ni, W-63Cr-15Ni and W-67Cr-9Ni alloys are 1.6, 1.6 and 1.5 nm, respectively, which is only a little larger than the size of atom groups supposed to exist in liquid metals. Accordingly, the W-18Cr-14Ni, W-63Cr-15Ni and W-67Cr-9Ni alloys are regarded as amorphous alloys. On the other hand, the apparent grain size of the W-42Cr-5Ni and W-75Cr-4Ni alloys is of the order of 3.5-10.2 nm. Consequently, the sputter-deposited ternary WCr-Ni alloys are composed of supersaturated amorphous or/ and nanocrystalline solid solutions of the alloy-constituting elements (that is, tungsten, chromium and nickel).
reported the sputter-deposited ternary Mo-Cr-Ni alloys were also able to be amorphized over a wide composition range when they contained more than 15 at% nickel 23 . However, the ternary W-Cr-Ni alloys are able to form an amorphous structure over a wide composition range of chromium when the alloys contain 9 at% or more nickel content. Accordingly, 9 at% or more nickel addition seems to be sufficient and effective to form an amorphous phase of the sputterdeposited ternary W-Cr-Ni alloys. Figure 3 shows the composition-structure diagram of the sputter-deposited binary and ternary tungsten-base alloys. This figure reveals that the binary W-Ni alloys, and ternary W-Cr-Ni alloys containing 9 at% or more content of nickel are apt to form amorphous structure, except for the binary WCr and Cr-Ni alloys because they do not satisfy the prerequisite for easy formation of the amorphous structure. The sputter-deposited binary W-Cr alloys were not amorphized 2,10 because the alloys are characterized by the positive mixing enthalpy and a smaller difference in atomic size of tungsten and chromium 26 . Similarly, the sputterdeposited Cr-Ni alloys were also not amorphized since the atomic sizes of chromium and nickel are almost the same, although the mixing enthalpy of these alloys is -27 kJ/mol 26 . Furthermore, it is noteworthy to mention here that it had * Previously published data (Bhattarai, 1995 (Bhattarai, , 2001 ). alloys showed the corrosion rates in the range of 10 1 , 4 x 10 -2 and 5 x 10 -3 mm/y, respectively, in 12 M HCl solution. It can, therefore, be said that both tungsten and chromium metals enhances the corrosion resistance of the sputter-deposited ternary W-Cr-Ni alloys synergistically. However, a small addition of nickel seems to be detrimental effect in the corrosion resistance properties of the W-Cr-Ni alloys in 12 M HCl solution.
75Cr-4Ni alloy shows the lowest anodic passive current density among the examined alloys in this study. It is noteworthy to mention that the anodic current densities of the alloys are significantly lower than those of the alloyconstituting elements (that is, tungsten, chromium and nickel). Accordingly, the protective quality of the anodic passive films formed on the sputter-deposited ternary W-Cr-Ni alloys is better than those of alloy-constituting elements even in Electrochemical measurements were carried out for a better understanding of the passivation behavior and high corrosion resistance properties of the sputter-deposited ternary W-CrNi alloys. 1. The ternary amorphous or/and nanocrystalline W-Cr-Ni alloys exhibit a higher corrosion resistance than that of the binary amorphous or/and nanocrystalline W-Ni alloys and show lower corrosion rates than those of alloy-constituting elements. In particular, the additions of 18 at% or more chromium contents to the W-(4-15)Ni alloys decrease significantly the corrosion rates of the ternary W-Cr-(4-15)Ni alloys even for prolong immersion in 12 M HCl solution.
2. The addition of chromium to the sputter-deposited W-Ni alloys leads to a remarkable ennoblement of the open circuit potential, which is in the passive regions of chromium and active regions of nickel metal in 12 M HCl solution.
Consequently, the addition of chromium is effective in improving the corrosion resistance of the sputter-deposited ternary W-Cr-Ni alloys containing small amounts of nickel (that is, 15 at% or less nickel).
